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Abstract: Polymer chains, if long enough, are known to
undergo bond scission when mechanically stressed.
While the mechanochemical response of random coils is
well understood, biopolymers and some key synthetic
chains adopt well-defined secondary structures such as
helices. To understand covalent mechanochemistry in
such structures, poly(γ-benzyl glutamates) are prepared
while regulating the feed-monomer chirality, producing
chains with similar molecular weights and backbone
chemistry but different helicities. Such chains are
stressed in solution and their mechanochemistry rates
compared by following molecular weight change and
using a rhodamine mechanochromophore. Results re-
veal that while helicity itself is not affected by the
covalent bond scissions, chains with higher helicity
undergo faster mechanochemistry. Considering that the
polymers tested differ only in conformation, these
results indicate that helix-induced chain rigidity im-
proves the efficiency of mechanical energy transduction.

Introduction

Control over polymer chain architecture is a powerful route
to tune the mechanical response of materials.[1] Chain
morphology influences the molecular arrangement in sol-
ution and bulk, affecting how each molecule receives and
transmits mechanical energy, as well as the force distribution
in the molecule. Among different responses,
mechanochemistry,[2] the activation of chemical bonds using
mechanical energy, has key consequences to materials’
mechanical history, either properties loss[3] or, through the
use of mechanophores,[4] the development of mechanores-
ponsive materials for applications ranging from drug-deliv-
ery to self-healing.[5] Therefore, in recent years, numerous
efforts have been devoted to understanding the effect of
chain architecture on polymer mechanochemistry parame-
ters, especially in solution.[6] For example, using solution

ultrasonication, star polymers’ mechanochemistry was
shown to be governed by their longest linear span, with the
additional arms playing no role in the first mechanochemis-
try cycle.[7] More recently, Peterson et al. systematically
investigated architectures which present unfolded backbones
due to the presence of large steric hindrance between side
chains present in architectures including brush-like and
dendronized polymers.[8] In solution ultrasonication, both
architectures exhibited mechanochemistry rates proportion-
al to their elongated conformations; however, pronounced
differences were measured in the solid state (ball-mill
grinding) as a consequence of arm architecture and
composition. As one may expect, folding polymer chains has
the opposite effect. Cyclic polymers, which become linear
after the first scission, presented unusual mechanical
response, with fragmented chains partially retaining their
original cyclic conformation, rather than becoming elon-
gated as linear chains in solution sonication.[9] Further
folding through intramolecular collapse greatly reduces the
rate of mechanochemical scission of the polymer into
smaller chains, maintaining the polymer properties for
longer periods under mechanical stress.[10] Importantly,
chains which were covalently folded presented faster rates
of mechanochemistry, but scissions occurred at sacrificial
intramolecular cross-linkers, preventing chain fragmenta-
tion.

Such energy dissipation through sacrificial bonds is very
common in natural proteins such as Titin, which contains
numerous intramolecular hydrogen bonds that break during
chain unfolding prior to stressing covalent bonds in the
protein backbone, and can be reformed upon stress
release.[11] We have previously shown that this concept also
works in synthetic polymers through the creation of intra-
molecular metal–ligand bonds.[12] Intramolecular covalent
disulfide bonds are more common in proteins that are
exposed to mechanically aggressive extracellular media,
making these sacrificial bonds even more efficient in
mechanical energy uptake prior to backbone degradation.[13]

In a higher scale, non-covalent interactions can lead to
organized domains, such as helices, as a stress-absorbing
domain in numerous structural proteins, such as collagen,
responsible for skin elasticity.[14] Helicity is also present in
several important synthetic polymers such as poly(lactic
acid), having profound effects in their thermomechanical
properties.[15] This ubiquitous secondary structure should
naturally have an effect on the mechanochemical response
of covalent macromolecules. Mechanically straining helixes
in biopolymers such as DNA and proteins has been carried
out using single-molecule force spectroscopy, showing
smooth helix-coil transitions in force-extension curves.[16]

Herrmann and co-workers recently presented the use of
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ultrasound (US) to control the optical and catalytic activity
of genetically engineered green fluorescent protein (GFP),
with a structure containing α-helices, β-sheets and disor-
dered sections, but the effect of US in the helix is not clear
in this case.[17] Here, poly-γ-benzyl-glutamate, a homopol-
ymer with extremely high degree of helicity, is used as an
extreme case to understand the effect of helicity on the rate
of backbone polymer mechanochemistry in solution.

Results and Discussion

Poly-γ-benzyl-glutamate (PBG) can be prepared via ring-
opening polymerization (ROP) of γ-benzyl-glutamate N-
carboxyanhydride (NCA) monomers, using LiHMDS as
initiator, to provide chains with high molecular weight and
low dispersity in one step.[18] PBG, when made using a single
enantiomer, forms helical structures in most environments,
particularly when having a long-chain length. The level of
helicity can be controlled by regulating the chirality of the
backbone monomeric unit, with L- and D-type monomers
resulting in highly right- or left-handed helical chains,
whereas enantiomer mixtures greatly decrease this ordered
chain arrangement.[19] Herein, we used the D-, L-type NCAs,
and DL-racemic mixtures (D/L ratio, 0.27/0.73, 0.5/0.5) to
prepare the four different PBGs (PB(L)G, PB(D)G, PB-
(D0.27L0.73)G, and PB(D0.5L0.5)G, respectively) with similar
degrees of polymerization but different helicities
(Scheme 1). Their successful preparation was confirmed by

size-exclusion chromatography (SEC) with multi-angle light
scattering detector and 1H NMR (see Figures S3 and S6a in
the Supporting Information).

The helicity of each of the synthesized PBG was
determined by circular dichroism (CD) using tetrahydrofur-
an (THF) as solvent (Figure S8a). The three polymers
having excess of one enantiomer, PB(L)G, PB(D)G, PB-
(D0.27L0.73)G, exhibit two peaks at 208 and 222 nm, character-
istics of α-helix structures.[18b] In contrast, the PB(D0.5L0.5)G,
made from a racemic mixture, shows no signal in the CD.
The helix contents were calculated by the well-established
methodology which has been applied in numerous studies of
synthetic polypeptides, including PBGs.[20] PB(L)G exhibits
the highest helicity (71.5%), while PB(D)G presents a
relatively lower helicity of 63.7%, probably due to the lower
chiral purity of synthetic D-glutamic acid.[20] Notably, PB-
(L)G and PB(D)G show opposite signals in the CD, as
expected—PB(L)G creating highly right-handed helix and
PB(D)G leading to left-handed helical structures. Finally,
PB(D0.27L0.73)G presents 47.3% helicity (Table 1). These
helicities are consistent with the inherent feature of these
polypeptides in helicogenic solvents, in which usually
imperfect helixes are formed due to non-covalent
interactions.[16e] As shown previously, the helicity level
increases with enantiomeric excess.[19a,21]

Dilute solutions of the four PBGs (1 mgmL� 1 in THF)
were then subjected to pulsed ultrasonication (1 s on, 2 s
off) to assess the effect of solvodynamic shear on their
structures. Aliquots were taken every 15 min and analyzed
by SEC to record molecular weight changes. Each polymer
was independently sonicated and analyzed 3 times for
accuracy. In addition, the final solution was also analyzed by
CD to check for possible changes in its secondary structure.
SEC curves showed clear shifts in the polymer peaks to
longer retention time, indicating that all polymers experi-
enced mechanochemical scission in the backbone. However,
while tested under the same conditions, the scission behavior
was meaningfully different. The SEC curves of both PB(L)G
and PB(D)G rapidly and significantly shifted with increasing
sonication time, while PB(D0.27/L0.73)G and PB(D0.5/L0.5)G
exhibited much smaller changes, presenting only a slight

Scheme 1. Preparation of model helical PBGs through ROP.

Table 1: Characterization of polymers used in this study.[a]

Polymer Feed monomer (ratio) Mn

[kDa][b]
Đ[b] %helix[c] Rg

[nm][b]
Persistence
length [nm][d]

Rate constant,
ks [10

� 6 min� 1][e]

PB(L)G376 L-NCA 82.3 1.18 71.5 20.0 18.50 9.05�0.02
PB(D)G365 D-NCA 80.0 1.10 63.7 17.0 11.65 6.13�0.09
PB(D0.27L0.73)G388 D/L (0.27/0.73) NCA 85.0 1.06 47.3 14.5 6.99 4.14�0.03
PB(D0.5L0.5)G332 D/L (0.5/0.5) NCA 72.7 1.02 0.0 10.4 3.94 2.10�0.05
DAR-PB(L)G61 L-NCA 13.4 1.16 62.9 N.A N.A N.A.[f ]

DAR-PB(D0.5L0.5)G104 D/L (0.5/0.5) NCA 22.8 1.04 0.0 N.A N.A N.A.
DAR-PB(L)G102 L-NCA 22.3 1.08 58.7 N.A N.A N.A.
DAR-PB(D0.5L0.5)G143 D/L (0.5/0.5) NCA 31.3 1.03 0.0 N.A N.A N.A.

[a] Polymers were prepared using LiHMDS or DAR as initiators. [b] Molecular weights (Mn), dispersities (Đ), and radius of gyration (Rg) were
determined by size-exclusion chromatography (SEC) with multi-angle light scattering (MALS) using DMF (0.02 M of LiBr) as eluent. Đ is
underestimated as typical for MALS, but consistent with previous work.[18b] [c] The %helix was determined through CD, using THF as solvent.
[d] Calculated from Rg using the worm-like model (see the Supporting Information for details). [e] Calculated from Sato and Nalepa, using the data
from three independent sonication experiments.[22] [f ] N.A.—not analyzed.
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increase in their low molecular weight tails (Figure 1). Using
the method developed by Sato and Nalepa,[22] in which the
change in number average molecular weight (1/Mn,t� 1/Mn,0)
is plotted against sonication time, the first-order scission
rate constants (ks) were calculated from the slope (k’) of the
linear fit (Figure 2a). Interestingly, plotting ks versus original
helical content shows that, even though all polymers have
similar degrees of polymerization (DP), the calculated rate
constants show significant differences and correlate directly
with helicity (Figure 2b). The polymer with the highest
helicity, PB(L)G, showed a first-order rate constant which is
around four times higher compared to that of a polymer

with similar DP but no measurable helicity (PB(D0.5/L0.5)G).
Contrary to the observations in randomly folded polymer
chains,[10] structured folding in the form of helicity leads to
significantly faster mechanochemical degradation of the
polymer backbone in solution. CD further demonstrated
that the sonicated PBGs have helicity very similar to the
unstressed chains, indicating that, in this DP range, short-
ening the polymer chains through individual mechanochem-
ical scission events does not significantly affect their overall
solution conformation (Figure S8b, Table S1).[23]

Given that in all PBGs the backbone chemistry is the
same and they all present very similar DPs, the reason

Figure 1. Representative DMF-SEC curves (normalized differential RI signal shown) as a function of sonication time for a) PB(L)G376; b) PB(D)G365;
c) PB(D0.27L0.73)G388; d) PB(D0.5L0.5)G332.

Figure 2. a) Plot of (1/Mn,t� 1/Mn,0) versus sonication time, from three independent sonication experiments, including standard deviation, lines are
linear fit. b) Mechanochemical rate constants (ks) and persistence length (lp) as a function of helical content.

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2022, 61, e202115325 (3 of 6) © 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH



behind this helix-accelerated mechanochemistry needs to be
explained by the different solution chain conformation. As
previously shown, inclusion of additional intramolecular
interactions typically reduce the rate of backbone mechano-
chemistry, as these act as sacrificial energy sinks during
chain unfolding.[24] In single-molecule force microscopy,
randomly folded single-chain nanoparticles show protein-
like unfolding patterns, with independent “jumps” for each
bond scission.[25] Meanwhile PB(L)G shows a uniform
unfolding force, presenting a plateau (similar to a multi-
mechanophore polymer)[26] when enough strain is
applied.[16e] Stressing molecules in solution depends on
additional factors. Numerous studies showed that random
intramolecular collapse typically leads to a more compact
and spherical morphology.[27] Helical chains, on the other
hand, adopt extended rod-like conformations, increasing
their overall hydrodynamic volume, radius of gyration (as
calculated from Zimm plots, see Table 1) and chain stiffness,
leading to increased persistence lengths (lp).

[28] This can be
easily seen in our measurements as well, as chains with
similar DP and higher helicity show shorter retention time
in the SEC, even in a less helicogenic solvent like DMF
(compared to THF). Peterson et al. has shown that increased
persistence length leads to a profound effect on the rate of
mechanochemistry in brush-like and dendronized
polymers.[29] Clearly it seems like the effect of increased lp is
stronger than that of the presence of intramolecular
interactions within the folded chain. To support such
concept, the lp of each PBG chain was calculated from the
radius of gyration (Rg) obtained from averaged Zimm-plots
done in SEC, using the worm-like model, which has been
previously used in natural and synthetic polypeptides
(Table 1).[30] PB(L)G376, which has the highest calculated
helicity, also presents the longest lp � 18.5 nm. Meanwhile
PB(D0.5/L0.5)G332 presents a significantly shorter lp of

3.94 nm. The relationship between mechanochemistry rate,
lp, and %helix is clearly depicted in Figure 2b.

With these results in mind, one could consider if this
helix-accelerating effect can be used towards a constructive
response, such as the activation of mechanophores.[2c,31] A
morphology change can be used for maintaining a backbone
chemistry but creating materials that are more sensitive and
efficient in their mechanoresponses. To test this hypothesis,
additional PBG chains were prepared having chain-centered
rhodamine mechanophores, which provide an optical signal
upon mechanical activation. Previous work has demon-
strated the stress-responsive feature of spirolactam rhod-
amine resulted in a molecular isomerization from a twisted
form to a zwitterionic planarized ring-open state, causing a
significant red-shift in the absorption band.[32] The same
strategy of controlling the chirality of feeding monomers
was employed to regulate the helicity of the rhodamine-
containing PBG chains. Following the previously demon-
strated strategy of using the mechanophore as a di-initiators
in controlled polymerization, the spirolactam rhodamine
could be perfectly tethered in the center of the PBG chains
in helical or random conformations (Figure 3a). To combine
this mechanophore into PBG ROP chemistry, a new
diamine-functionalized spirolactam rhodamine (DAR), was
designed and synthesized (Scheme S1, Figure S2) on the
basis of previously reported dihydroxyl functionalized rhod-
amine (DHR).[32b]

DAR was used to polymerize NCAs (L- or DL-type) at
0 °C in anhydrous DMF, providing four additional PBGs
with different lengths and helicities: DAR-PB(L)G61,
DAR-PB(L)G102, DAR-PB(D0.5L0.5)G104 and DAR-PB-
(D0.5L0.5)G143, respectively (Table 1, Figure S6b). 1H NMR
was used to confirm the polymer structure, as well as the
presence of the characteristic signals of rhodamine (Figur-
es S4, S5). CD confirmed that the two polymers made using
only the L-enantiomer present high helicities in THF (62.9

Figure 3. a) Synthesis of PBG chains with chain-centered rhodamine mechanophores, having helical or random coil chains. b) Schematic
mechanochemical rhodamine under shear forces from solvodynamic shear.
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and 58.7% for DAR-PB(L)G61, DAR-PB(L)G102, respec-
tively), while the two DAR-PB(D0.5L0.5)Gs made from
monomer racemic mixture presented no helicity (Fig-
ure S8c).

As before, these new rhodamine-containing PBGs were
subjected to pulsed ultrasonication, with aliquots being
taken every hour and immediately analyzed by UV/Vis to
assess the rhodamine mechanochemical activation. As
expected, the rhodamine mechanophore within all PBG
chains could be activated, clearly seen by the color change in
the polymer solutions from colorless to light pink (Figure 3b
and Figure 4a). A characteristic absorption peak at 538 nm
appeared and increased with sonication time (Figures S9,
S10). Importantly, no meaningful changes in the SECs are
seen (Figure S7), given these chains are quite short; how-
ever, significant differences in activation rates of rhodamine
were found (Figure 4b). Considering the two DAR-PBGs
with equivalent chain length, DAR-PB(L)G102 and DAR-
PB(D0.5L0.5)G104, the highly helical version presented almost
four times higher rhodamine activation. Moreover, it
showed higher activation even when compared to DAR-
PB(D0.5L0.5)G143, which has ca. 40% higher DP but no
measurable helicity.[33] This observation is also seen in a
smaller helical chain, DAR-PB(L)G61, which presented
about twice higher rhodamine activation compared to the
non-helical DAR-PB(D0.5L0.5)G104 which has almost twice
the DP. Such mechanophore activation difference between

helical and random coil PBG chains agrees well with the
above-demonstrated helix-accelerated mechanochemistry,
and strongly supports that chains with helical conformation
are more efficient in mechanochemical transduction.

Conclusion

To conclude, we studied the effect of helicity on the rate of
polymer mechanochemistry in solution. Poly(γ-benzyl gluta-
mates) with different helicities, used as model polymers,
demonstrated that chains with the higher helicity exhibit
higher mechanochemical rate constants, be it backbone
fragmentation or mechanophore activation, with a clear
correlation seen between helicity and rate constant. Given
the study was done in chains with similar chemical
compositions and degrees of polymerization, this result is
attributed to the increased lp in the elongated rod-like
conformation of helical polymers, leading to more efficient
energy transduction and a morphology which is more easily
oriented towards the force vector.[8,29] Furthermore, we have
shown that helix can be used as an efficient morphological
change to increase the response of rhodamine mechano-
phores without increasing (and even in smaller) degrees of
polymerization, expanding the strategies to develop efficient
mechanoresponsive materials based on synthetic or semi-
synthetic polymers.
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